Electroluminescence (EL) of colloidal nanocrystals promises a new generation of highperformance and solution-processable light-emitting diodes (LEDs). The operation of nanocrystal-based LEDs relies on the recombination of electrically-generated excitons.
lighting technologies.
The emissive states for EL of nanocrystals are excitons (bound electron-hole pairs). In-depth understanding of the generation and recombination of excitons is essential for interpreting device operation mechanisms and providing guidelines for future developments. Spectroscopic techniques have been applied to study the QD-LEDs [23] [24] [25] , revealing the recombination dynamics of the in-situ photo-generated excitons. In contrast, few attempts have been made to explore the exciton-generation processes in EL devices based on nanocrystals.
The current understanding of electrical excitation of nanocrystals is largely inherited from the classic theories developed for bulk semiconductors 14, 17 . Briefly, electrons and holes are simultaneously diffused or injected into the emission zone, leading to populations of opposite-sign charge carriers statistically independent of each other 26 . However, distinctive from bulk inorganic semiconductors, nanocrystals show efficient radiative recombination of single-exciton state and even faster non-radiative Auger recombination of charged-exciton states or multi-exciton states because of the strong spatial confinement of charge carriers within individual nanocrystals 27, 28 . In other words, high-efficiency nanocrystal-based EL require efficient and balanced charge injection to generate single excitons in individual nanocrystals. Thus, it is of fundamental interest to go 4 beyond the conventional "bulk interpretations" and elucidate the unique mechanism for exciton generation in nanocrystal-based EL devices.
Here we address a fundamental question of how the excitons are electrically generated in individual QDs. We develop room-temperature electrically-pumped single-nanocrystal spectroscopy to reveal the hidden elementary processes and the associated kinetics at the singlenanocrystal level. The observations reveal a sequential electron-hole injection mechanism which is enabled by charge confinement, an intrinsic property of nanocrystals. The unique molecular mechanism is invoked to interpret the efficient exciton generation in the state-of-the-art QD-LEDs.
Electrically-pumped single-nanocrystal spectroscopy. We start with the electrical generation of excitons in an individual QD. An isolated CdSe-CdZnS core-shell QD ( Supplementary Fig. 1 ) is used as an emitter in a single-dot EL device 29 . In this single-dot device ( Supplementary Fig. 2 ), exciton migration and charge transport between neighbouring QDs [30] [31] [32] are excluded, providing an ideal system for investigating charge dynamics of exciton generation. The single CdSe-CdZnS QD in the EL device exhibits ideal photoluminescence (PL) properties, including single-channel radiative decay and stable single-exciton emission ( Supplementary Fig. 3 ). When a forward DC bias of 1.85 to 2.30 V is applied, the single-QD EL device demonstrates background-free and stable single-exciton EL with emission rates of 10 3 -10 5 s -1 ( Supplementary Fig. 4 ).
We develop electrically-pumped single-nanocrystal spectroscopy to probe the elementary charge-injection steps for the exciton generation in the single QD ( Fig. 1a) . At the single-dot level, the generation of a single exciton may consist of two possible pathways, i.e., injection of one 5 electron followed by injection of one hole (QD + e QD -+ h QD X ), and injection of one hole followed by injection of one electron (QD + h QD + + e QD X ). The intermediate states of the two pathways are different, with one being negatively-charged state (QD -), and another one being positively charged state (QD + ). The charging status of the CdSe-based QDs can be optically distinguished 33, 34 . For the CdSe-CdZnS QD in the single-dot EL device, the lifetimes of the excited states of a neutral QD, a negatively-charged QD, and a positively-charged QD (denoted as X, Xand X + , respectively) are determined to be 17.4 ± 2.6 ns, 2.7 ± 0.3 ns, and 1.6 ± 0.2 ns, respectively ( Supplementary Fig. 5 ). The recombination processes of all optically excited states are much faster than the electrical generation of a single exciton (10-10 3 µs, estimated from the emission rates of the single-dot EL device in the given voltage range). Therefore, we use a pulsed laser to excite the single QD under constant electrical pumping, enabling probe of all possible states relevant to the single-dot EL (Fig. 1b ). Note that the pulsed-laser excitation with a low power density (< 0.1 excitation per pulse, 2.5 MHz) does not alter the charging status of the single QD, as demonstrated by the nonblinking PL intensity-time trace 35, 36 ( Supplementary Fig. 3 ). In addition, the probability of the electrical injection of a charge carrier into an optically-excited state is extremely low (< 0.2%) because the single QD under constant optical excitation spends very little time at the optically-excited states (see Methods for details). Hence, the optical excitation serves as a noninvasive probe to monitor the single-dot EL processes.
Electrical generation of single excitons in a single QD. A single QD is subject to three excitation conditions, i.e., pulsed-laser excitation, electrical excitation at a constant bias of 2.1 V, and 6 simultaneous electrical and pulsed-laser excitation ( Fig. 2a and Fig. 2b ). The corresponding PL, EL, and EL-PL intensity-time traces ( Fig. 2a ) and time-correlated single-photon counting (TCSPC) results ( Fig. 2c ) are recorded. Comparing with the stable PL and EL intensity-time traces (red and grey regions, Fig. 2a ), intensity fluctuations occur in the EL-PL emission (blue region, Fig. 2a ).
This feature is attributed to electrical excitation-induced fast switching between charged states of the single QD within the bin time (50 ms) 37 . Regarding the TCSPC data of the EL-PL emission (blue curve in Fig. 2c ), the EL contribution can be treated as the baseline because the continuous electrical excitation is independent of the pulsed optical excitation. The intensity of EL contribution in the EL-PL emission is identical to that of the EL emission (grey curve in Fig. 2c ), confirming the negligible impacts of optical excitation on the single-dot EL processes. This feature allows the extraction of the PL decay characteristics of the QD under electrical excitation from the EL-PL emission by subtracting the EL-baseline (see Methods for details). The resulting curve (blue, Fig. 2d ) are well-described by a double-exponential function. According to the characteristic decay dynamics ( Supplementary Fig. 5 ), the fast component (2.7 ns) is assigned as X -, but not X + .
The slow component (19 ns) is identical to the single-exciton decay measured without electrical injection (red line in Fig. 2d ). The fact that Xcontributes to the EL-PL emission is supported by spectral analyses. For the CdSe-CdZnS QD, the emission spectrum of Xis featured by a red-shift of 16 meV compared with that of X ( Supplementary Fig. 6 ). As shown in Fig. 2e , the EL-PL spectrum shows broadening in the linewidth and red-shift in the peak wavelength with respect to the spectrum of single-exciton emission. Therefore, the PL responses of the QD under electrical 7 excitation are composed of both X and X -, indicating that the exciton generation is intermediated by a state of QD -.
Parallel measurements on 15 different single dots by electrically-pumped single-nanocrystal spectroscopy (constant bias: 2.1 V) reveal the exclusive occurrences of X -, ruling out the generation of X + ( Supplementary Fig. 7 ). Furthermore, electrical excitation-dependent experiments show that only X and Xcontribute to PL responses of the single QD in the operating device with EL emission rates in the range of 21,000-70,000 s -1 ( Supplementary Fig. 8 ). These The spectroscopic results are used to analyse the dynamics of the elementary charge-injection steps ( Fig. 3 ). When the single-dot EL device is biased at 2.1 V, the photon emission rate is estimated to be 1.33×10 4 s -1 , corresponding to a single-dot EL cycle of ~75 μs ( QD + e QD -+ h QD X → QD). Given that the relative luminescent efficiency of Xto X is ~25% (see the PL blinking trace shown in Supplementary Fig. 5 ), analyses on the PL decay properties of the EL-PL emission ( Fig. 2d Charge dynamics of the single-dot EL cycle summarized in Fig. 3 suggests that confinementenhanced Coulomb effects enable the generation of single excitons. In our single-dot EL device, the energy-level alignment of the oxide electron-transport layer, the neutral QD, and the polymeric hole-transport layer favours electron injection and hinders hole injection into a neutral QD ( Supplementary Fig. 9 ), leading to k h ≪ k e . The injection of one electron into a neutral QD results in a long-lived state of QD -. For CdSe-CdZnS QDs, the charge carriers are confined within the inner part of the QD (core radius: ~1.6 nm). The small self-capacitance of the nanocrystal induces Coulomb charging effects in the single QD 38, 39 . From an energetic point of view, the addition of one electron shifts the electrical potential of the single QD toward higher energy ( Supplementary   Fig. 9 ). Hence, the rate for injection of a second charge carrier into the negatively charged QD is modulated by confinement-enhanced Coulomb interactions. Specifically, hole injection is 9 significantly enhanced due to Coulomb attractive interaction, resulting in k h substantially greater than k h . In consequence, single excitons can be efficiently generated at operational voltages close to the voltage corresponding to the optical bandgap of the QD ( Supplementary Fig. 4 ). Furthermore, the fact that QD X is the dominating emissive state for the single-dot EL indicates injection of one electron and one hole into the QD in almost all single-dot EL cycles. Injection of a second electron into the negatively charged QD (QD -+ e QD 2-) is greatly suppressed due to repulsive Coulomb interaction.
Electrical generation of single excitons in QD-LEDs. We propose that the mechanism of charge confinement enabled sequential electron-hole injection derived from EL of an individual QD can be invoked to interpret the exaction generation in the state-of-the-art QD-LEDs ( Fig. 4a ). We with electrons, which in turn allow hole injection into these negatively charged QDs (Fig. 4a ).
Our hypothesis is verified by in-situ/operando optical measurements on the operating QD-LED. TCSPC measurements on the QD film under electrical injection ( Supplementary Fig. 11 for the experimental setup) show that an additional decay channel arising from X -(but not X + )
becomes evident with increasing electrical-excitation levels ( Fig. 4c ). Correspondingly, in-situ measurements of relative PL intensity of the QDs ( Supplementary Fig. 12 for the experimental setup) show the decrease of PL efficiency with the increase of current density (Fig. 4d ). These results indicate that in the working QD-LED, the QD film is negatively charged. Notably, a significant discrepancy between the changes of PL and EL efficiencies at different electricalexcitation levels is observed. For example, when the current density increases from 0.4 mA/cm 2 to 3.2 mA/cm 2 (grey shaded regime in Fig. 4d ), the relative PL intensity of the QD film shows a monotonic decrease of up to ~20% while EQEs (in the range of 19.6% to 20.3%) exhibit minimal relative changes of ~3.4%. In this operation regime, electric-field induced effects 24, 40 or Auger recombination due to excess injection of electrons 23 are not the main causes for the decrease of PL efficiency because both effects simultaneously reduce the EL and PL efficiencies. Therefore, the charging of the QD film, which lowers PL efficiency, does not necessarily cause nonradiative 11 Auger recombination in the EL processes. Instead, the negatively-charged individual QDs trigger hole injection accelerated by confinement-enhanced Coulomb interactions, allowing efficient generation of neutral single excitons.
Conclusion
Our study unravels a molecular picture of sequential electron-hole injection into individual CdSe- Considering that Coulomb interactions are pronounced in all nanocrystals with strong carrier confinement, we anticipate the charge confinement enabled efficient exciton generation to be a general mechanism for the nanocrystal-based EL devices, including LEDs, electrically-driven single-photon sources 29 
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Second
In-situ/operando measurements of transient PL of the QD film in the working QD-LED were conducted in the microscopic system shown in Supplementary Fig. 11 . The photon-counting rate is two orders of magnitude smaller than the repetition rate of the pulsed laser, so that the so that the requirement of TCSPC measurement is satisfied. Other Characterizations. The thickness measurements were conducted on atomic force microscopy (Cypher-S, Asylum Research) in the tapping mode. The UV-Vis absorption spectra of QD solutions were measured by using an Agilent Cary-5000 spectrophotometer. The PL spectra were measured by a fluorescence spectrometer (Edinburgh 463 Instruments FLS920). 29 Transmission electron microscope images were obtained by using Hitachi 7700 operated at 80 keV.
Transient PL analyses. PL decay curves are fitted with double-exponential functions written as
where τfast and τslow are lifetimes of the two components. B represents background counts, which may include EL emissions. For all normalized PL decay curves, EL emissions are subtracted from the TCSPC data according to the fitting results. The fractional contribution of each component is given by 44 :
Determination of the occupation probabilities. For a single QD switching between the neutral ground state ("QD" state) and the negatively-charged state ("QD -" state), fractional contributions of the two components in overall PL responses are connected to occupation probabilities of the corresponding states (denoted as P[QD] and P[QD -], respectively) by the following equations:
where QY X and QY X -are the PL QYs of X and X -, respectively. According to Supplementary   Fig. 5 , the relative PL QY of X -, i.e., QY X -/QY X , is estimated to be 25%. 
[
For the CdSe-CdZnS QDs with a near-unity PL QY, the photon emission rate of a single-dot EL device (I EL ) is directly connected to the recombination rate of QD X : I EL =k X,r P[QD X ]. 31 In the steady condition of the single-dot EL cycle (dP[i]/dt = 0), we obtain:
Accordingly, the injection-rate coefficients can be derived from the photon emission rate and the occupation probabilities of QD state and QDstate by the following equations:
= [ ] = 1 (12) where τ QD and τ QD -are characteristic times of electron injection and hole injection, respectively, which can be regarded as the residence times of QD state and QDstate.
Considering an overall detection efficiency of ~10%, I EL of a single QD under 2.1 V is estimated to be 1.33×10 4 s -1 . P[QD] and P[QD -] are determined to be 65% and 35%, respectively.
According to (11) and (12), these values lead to k e = 2.0×10 4 s -1 per dot (τ QD : 49 μs)and k h -= 3.8×10 4 s -1 per dot (τ QD -: 26 μs), respectively. switching between three emissive states. For CdSe-based QDs, the "bright state" (red shaded), the "dim state" with a higher QY (blue shaded) and the "dim state" with a lower QY (grey shaded) are assigned as X, Xand X + , respectively. g 2 (t) curves and PL decay curves for the three states can be selectively extracted from the corresponding intensity-windows. c. g 2 (t) curves for X (red), X -(blue) and X + (grey) of the single QD extracted according to the temporal intensities. The PL QY ratios of bi-exciton to single exciton are derived by following an established method 46 . According to a recent report 34 , QY XX -/QY X -is smaller than QY XX /QY X for CdSe-based QDs because of the different radiative and Auger recombination pathways of Xand X + . Thus, the results confirm our assignments of Xand X + . d, PL decay curves of for X (red), X -(blue) and X + (grey) of the The QD was incorporated into the structure shown in Supplementary Fig. 5a . PL from a single QD was split by a 50:50 beam splitter and collected by two optical fibres. One output was sent to a spectrometer to record the single QD spectra, and another output was detected by an APD to monitor temporal intensities (inset). In this way, during the intensity blinking of a single QD, spectra of long "bright" durations corresponding to X emission, and spectra of long "dim" durations corresponding to Xemission (PL intensity: ~25 % of "bright" states) were selectively recorded (integrating time: 4 s). The peak of Xemission is red-shifted by 5 nm in the wavelength (16 meV in photon energy) comparing with that of X emission. Dashed lines are fits to the data. 
